INTRODUCTION
Bangladesh (latitudes 20°34´-26°38´N and longitudes 88°01´-92°41´E) experiences a high frequency of thunderstorms during the pre-monsoon period which have a great destructive potential and characterized by tornadic violence, often accompanied with high magnitude squalls, torrential rains and hails. They cause an extensive damage to life and property in the areas through which they traverse. The seat of formation of the thunderstorms, which visit Bangladesh, may be either locally within Bangladesh or they may get regenerated as the downstream propagation of the thunderstorms developing further north over Sub-Himalayan West Bengal & Sikkim, Assam valley, the plateau of Meghalaya, or to the west in the neighbouring West Bengal and even over the plateau of Jharkhand in India. These storms are designated as Nor'westers in this region, so called because the storm usually approaches a station from a northwesterly direction. These are also locally known as 'Kalbaishakhi' in Bengali because of the heavy damage to life and property inflicted by them during the month of Baishakh, the first month of Bengali calendar. Some of the severe thunderstorms develop into tornadoes.
Several wide spread thunderstorms occurred over Bangladesh on 21 May 2011. The convection persisted over different parts of Bangladesh from 1200 UTC to 1800 UTC. The Meteosat cloud images on 21 May 2011 are shown in Fig.1(a-b) . The dense convective clouds are observed over Bangladesh and neighbourhood at 1200 and 1800 UTC. The observed 24-h accumulated rainfall at different stations of Bangladesh on 21 May 2011 is shown in Table- 1. It is depicted that there are several thunderstorm events occurred over different parts of the country on 21 May 2011. However, among the thunderstorms occurred on 21 May, 2011 over different parts of the country, the event occurred over Srimangal, Bangladesh at 1200 UTC was prominent and observed rainfall was 88mm. Thus, the thunderstorm event occurred over Srimangal, Bangladeshat 1200 UTC on 21 May, 2011 has been highlighted in this paper. 9 , 2013 10 etc. Most of the above studies have been carried out using FSU and MM5 model which are not using by the meteorological community now days. Though some of the above works have been carried out using WRF model, the causes and mechanisms of the selected thunderstorm events are not described properly and need to refine the results by further study.
The primary objective of this study is to simulate the thunderstorm event over Srimangal, Bangladesh on 21 May 2011 over Bangladesh using WRF-ARW model version 3.5.1. The secondary objective is to identify and document the possible causes and mechanisms of the selected thunderstorm event.
MODEL DESCRIPTION
This section provides a brief introduction about the WRF-ARW model, data used and the methodology incorporated to simulate and to analysis the selected thunderstorm event.
Model introduction
The WRF Model is a new-generation mesoscale NWP system designed to serve both operational forecasting and atmospheric research needs. It features multiple dynamical cores, a 3-Dimensional Variational (3DVar) data assimilation system, and a software architecture allowing for computational parallelism and system extensibility 11 . WRF is suitable for a broad spectrum of applications across scales ranging from meters to thousands of kilometers. Applications of WRF include research and operational NWP, data assimilation and parameterized-physics research, downscaling climate simulations, driving air quality models, atmosphereocean coupling, and idealized simulations (i.e., boundary-layer eddies, convection, baroclinic waves). There are two dynamics solvers in the WRF system: the Advanced Research WRF (ARW) solver (originally referred to as the Eulerian mass or "em") developed primarily at NCAR, and the Nonhydrostatic Mesoscale Model (NMM) solver developed at NCEP. The ARW system consists of the ARW dynamics solver with other components of the WRF system needed to produce a simulation. The WRF-ARW (Version 3.5.1) has been implemented during the present study.
Model Experimental Setup
The WRF model is run on a single domain at 9 km horizontal resolution. The domain size is taken 124x103 km. The domain is centered (23°N, 90°E) over Bangladesh to represent the regional-scale circulations and to solve the complex flows of this region. The domain of WRF model for the NWP study with the topography in background is shown in Fig.2 . There are 28 vertical layers. The model is run using the Kain-Fritsch (new Eta) scheme for cumulus parameterization 12 , Yonsei University (YSU) scheme for the boundary layer parameterization 13 , WSM 6 class graupel schemes for microphysics 14 and Rapid Radiative Transfer Model (RRTM) for longwave 15 and Dudhia for short wave radiation scheme 16 for the selected case. The physics and dynamics employed in the model for the present study are summarized in Table- 
Data Used
The United States Geological Survey (USGS) Global datasets with 30sec horizontal resolution were used to create terrain/topography and vegetation/landuse field. The Final (FNL) Operational Model Global Tropospheric Analyses of National Centre for Environmental Prediction (NCEP) with the 1°×1° horizontal and 6-h temporal resolution were used as the initial and lateral boundary condition.
The daily observed rainfall data have been collected from the archive of Bangladesh Meteorological Department (BMD) to compare or validate the model derived rainfall. The Meteosat cloud images are also used to see the signature of convective activities and moisture presence over the study area. 
RESULTS AND DISCUSSION
The results and discussion of the study are described in details below:
Mean Sea Level Pressure
The spatial distribution of mean sea level pressure (hPa) along with low level (950hPa) winds valid at 1200 UTC of 21 May, 2011 is shown in Fig.3 . It is found that an active elongated trough of low pressure over the Gangetic plains of India which intrude towards Bangladesh through middle of the country.
The lowest surface pressure in the centre of the trough is about 996hPa which is very low during this season. The formation of low pressure area over the Gangetic plains and intrude towards Bangladesh is the very common characteristics for the development of convective activities over the country. 
Vertical Wind Shear
The spatial distribution of vertical wind shear (ms -1 ) of the u component of wind in the lowest 6 km of the atmosphere between 500 and 950 hPa valid at1200 UTC of 21 May 2011 is presented in Fig.6 . The prominent feature is the core of strong vertical wind shear of the order of 15-20 ms -1 (~29-3 knots) may be seen over Bangladesh and nearby territory of India. This vertical wind shear (15-20 ms -1 ) may helped to develop multicell thunderstorm (multicells lines) over the region 17 . Figure 6 . Vertical wind shear (ms -1 ) of the u component of wind in the lowest 6 km of the atmosphere between 500 and 950 hPa valid at1200 UTC on 21 May 2011.
Relative Humidity / Moisture
The distribution of low level (950 hPa) relative humidity (%) valid at 0900 UTC (3-hrs before the event over Srimangal) of 21 May 2011 is presented in Fig.7(a 
Low Level Relative Vorticity
The spatial distribution of low level (925 hPa) relative vorticity (x10 -5 s -1 ) valid at1200 UTC of 21 May 2011 is presented in Fig.8 . The prominent feature is a core of vorticity maxima of the order of 10-20x10 -5 s -1 may be seen over the northeastern part of the country at 1200 UTC. The values of low level relative vorticites play an important role to develop convective activities.
Convective Available Potential Energy (CAPE) & Convective Inhibition Energy (CINE)
The spatial distribution of CAPE and CINE valid at1200 UTC of 21 May 2011 are presented in Fig.9(ab) . In Fig. 9(a) , it is found that a tongue of CAPE reached upto the northeast region of covering Srimangal in the order of 2000 JKg -1 which helps to develop severe convective activities over the region. On the otherhand, in Fig. 9(b) , it is found that the most of the part of Bangladesh and nearby territory of India is characterized by low CINE of the order of 0 JKg -1 . A combination of high CAPE and low CINE would render the environment thermodynamically favourable for convection. 
Outgoing Longwave Radiation (OLR)
The distribution of model derived OLR valid at 1200 UTC of 21 May 2011 is presented in Fig. 10 .It is found that the northeastern part of Bangladesh including the part of Srimangal is covered by the low OLR of the order of 50-100 Wm -2 which indicated that the area was covered by high densely convective cloud. 
Rainfall Analysis
The 24-h accumulated model simulated and BMD observed rainfall valid for 0000 UTC of 22 May 2011 is shown in Fig. 11(a-b) . It is found that the model captured the location of the rainfall as compared with BMD observations in reasonably well. The 24-h accumulated rainfall pattern is almost same in model simulation (a) and BMD observation (b). However, the intensity of model simulated rainfall is slightly higher and the area coverage of model simulated rainfall is slightly broader than that of BMD observation. In quantitative comparison, country as a whole, it is found that the model simulated rainfall fairly overestimated (46.72%) the BMD observed rainfall. It is also found that the model simulated rainfall is spatially deviated by about ~25-50 km in respect of BMD observation.
The network of the observation stations over Bangladesh is not too dense enough to measure this highly localized thunderstorm event. There are very few observatory over the northeast part of Bangladesh where model simulated highest rainfall [ Fig.11(b) ] and the thunderstorm occurred on 21 May, 2011. The highest observed rainfall is about 88 mm at Srimangal of Bangladesh, whereas model simulated rainfall is about ~96.52 mm which is 9.68% higher than observed rainfall. It is found that the WRF-ARW model slightly overestimated the premonsoon rainfall over Bangladesh. Thus the WRF-ARW model simulated rainfall seems to be realistic though there are spatial and temporal biases in the simulated rainfall pattern. The signature of the dense convective cloud is also seen in the Meteosat cloud images at 1200 UTC of 21 May 2011 [ Fig.1(a) ]. 
CONCLUSIONS
On the basis of the present study, the following conclusions can be drawn:
1. The WRF model captured the studied thunderstorm event on 21 May 2011 in reasonably well though there are some spatial and temporal biases in the model simulation. Mean sea level pressure contain an elongated trough of low pressure running across the Gangetic plains over north India which intrudes Bangladesh through the middle of the western part of the country. The lowest surface pressure at the centre of the low pressure is about 996hPa.
2. The distribution of low level (925 hPa) wind flow shows that a strong southwesterly/southerly low level jet (LLJ) of the order of ~15 ms -1 whichconverged over the narrow belt of Bangladesh from large area of the Bay of Bengal, helps for moisture incursion and to develop severe convective activity over Bangladesh. The formation of dry line (meeting line of cold dry air and warm moist air together) over the central part of the country is clearly seen in the wind chart. 7. The WRF model captured the location and structure of the rainfall over northeast part of the country and its neighbourhoods in reasonably well. But the model simulated 24-h rainfall over the country overestimated the rainfall compared to that of BMD Observation.
Finally, it is concluded that the WRF-ARW model version 3.5.1 may be adopted in study of research and prediction of the thunderstorms during premonsoon season over Bangladesh, but it needs to do more case study.
